Growing axons encounter multiple guidance cues, but it is unclear how separate signals are resolved and integrated into coherent instructions for growth cone navigation. We report that glycosylphosphatidylinositol (GPI)-anchored ephrin-As function as ''reverse'' signaling receptors for motor axons when contacted by transmembrane EphAs present in the dorsal limb. Ephrin-A receptors are thought to depend on transmembrane coreceptors for transmitting signals intracellularly. We show that the receptor tyrosine kinase Ret is required for motor axon attraction mediated by ephrin-A reverse signaling. Ret also mediates GPI-anchored GFRa1 signaling in response to GDNF, a diffusible chemoattractant in the limb, indicating that Ret is a multifunctional coreceptor for guidance molecules. Axons respond synergistically to coactivation by GDNF and EphA ligands, and these cooperative interactions are gated by GFRa1 levels. Our studies uncover a hierarchical GPI-receptor signaling network that is constructed from combinatorial components and integrated through Ret using ligand coincidence detection.
INTRODUCTION
The basic framework for neuronal connections is set during embryonic development using guided axonal growth to form the underlying circuits for complex behaviors. Axon navigation is regulated by a relatively small number of guidance receptors and extracellular signals, yet it occurs with remarkable precision and generates immensely complex wiring patterns (Dickson, 2002) . Multiple cues are simultaneously monitored by axons, which integrate these signals into coherent instructions for directional growth. Nevertheless, how cosignaling is integrated and the way this is leveraged to improve axon targeting remain poorly understood.
The topographic projection of motor axons into the limb musculature is under the control of multiple signaling pathways that drive the assembly of a seemingly simple binary map: motor neurons located in the lateral division of the lateral motor column (LMC L ) send axons to the dorsal limb, whereas neurons of the medial division (LMC M ) select a ventral trajectory ( Figure 1A ) (Bonanomi and Pfaff, 2010; Landmesser, 2001 ). The ephrin:Eph system of membrane-tethered ligands and receptors lies at the core of the decision-making process of motor axons at the base of the limb (Eberhart et al., 2002; Helmbacher et al., 2000; Kania and Jessell, 2003; Luria et al., 2008) . Glycosylphosphatidylinositol (GPI)-anchored (class A) and transmembrane (class B) ephrins bind preferentially to their membrane-spanning EphA and EphB tyrosine kinase receptors, respectively. This contact-mediated signaling system operates bidirectionally so that biological outputs are transmitted by the kinase domains of the Eph receptors in a classical ''forward'' signaling mode and by the ephrins in a ''reverse'' signaling mode (Pasquale, 2008) .
A further layer of complexity derives from the coexpression of ephrin and Eph in the same cell, as observed for LMC L neurons (Hornberger et al., 1999; Konstantinova et al., 2007; Marquardt et al., 2005) . Futile cis-interactions between EphA and ephrin-A are prevented by lateral segregation of the two proteins into distinct membrane subcompartments, allowing the EphAs and ephrin-As to signal independently upon interactions with their cognate ligands (Marquardt et al., 2005) . In motor axons, bidirectional ephrin-A:EphA signaling elicits axonal responses that have the opposite polarity: EphA forward signaling triggers repulsion, whereas ephrin-A reverse signaling promotes the axonal growth of cultured neurons ( Figure 1D ). However, it is unclear whether attractive ephrin-A reverse signaling plays an instructive role in motor axon navigation in vivo. It is also unclear why reverse signaling in motor neurons promotes growth whereas ephrin-A reverse signaling in retinal ganglion neurons causes axon repulsion (Lim et al., 2008; Rashid et al., 2005) . Because GPIanchored ephrin-As do not span the plasma membrane, it is assumed that they must associate with transmembrane coreceptors to elicit intracellular signaling. The neurotrophin receptors p75 and TrkB are thought to mediate the repulsive effects of ephrin-A in axons and secondary branches of retinal neurons (Lim et al., 2008; Marler et al., 2008) . Thus ephrin-A reverse signaling is capable of triggering attractive and repulsive responses, which could rely on different coreceptors.
We investigated ephrin-A reverse signaling in the context of the other guidance systems that control the dorsoventral projection of motor neurons into the limb-a decision that underlies the ability to control flexion and extension movements. We show that in vivo, ephrin-A reverse signaling is critical for attraction of LMC L motor neurons into the dorsal limb and is mediated by Ret-a transmembrane tyrosine kinase coreceptor that transmits glialderived neurotrophin factor (GDNF) signaling upon interaction with the ligand-binding GPI receptor GFRa1. Our data show that Ret is positioned at a key nodal point for integrating guidance cues by functioning as a coincident detector to amplify axon growth signaling where GDNF and EphA are both present.
RESULTS

Coordination of Ephrin-A Forward and Reverse Signaling Enhances Boundary Discrimination
The expression of ephrin-A and EphA on motor axons and hindlimb mesenchyme was surveyed in embryonic day (E) 11.5 transgenic mouse embryos that express GFP under the control of the motor neuron-specific Hb9 promoter (Lee et al., 2004) . In agreement with previous reports, dorsally projecting LMC L axons coexpressed both ephrin-A2/5 and EphA4. In contrast, the limb tissue displayed segregated expression of these proteins: ephrin-A2/5 was high ventrally, whereas dorsal cells had EphAs (Figures 1A-1D ; Figures S1A-S1C available online) (references in Bonanomi and Pfaff, 2010 Figure 1C ). In principle, LMC L neurons might be subjected to a combination of ''push-pull'' attractive and repulsive signaling at the base of the limb. The EphA4 receptor in LMC L axons should signal repulsion from the ephrin-rich ventral limb, whereas ephrin-As should reversesignal attraction toward the EphA-rich dorsal limb ( Figure 1D ). We sought to study the coordination of ephrin-A:EphA forward and reverse signaling in a simplified experimental paradigm that excludes the contribution of other signals present in the limb. The dorsoventral expression of ephrin-As and EphAs was mimicked by culturing lumbar motor neurons on alternating stripes of EphA7-Fc/ephrin-A5-Fc, control IgG-Fc/ephrin-A5-Fc, EphA7-Fc/IgG-Fc, or IgG-Fc/IgG-Fc ( Figures 1E-1I ). We chose EphA7 because it binds strongly to virtually all ephrin-As but not ephrin-Bs (Flanagan and Vanderhaeghen, 1998) and it is expressed by the dorsal limb mesenchyme ( Figure S1C ). The majority of axons in these cultures were derived from EphA4 + LMC L neurons ( Figures S1D-S1F ). Motor axons did not exhibit a growth preference on control IgG-Fc/IgG-Fc stripes but were repelled from ephrin-A5-Fc stripes in both IgG-Fc/ephrin-A5-Fc and EphA7-Fc/ephrin-A5-Fc cultures ( Figures 1E-1I ). Although EphA7-Fc that activates ephrin-A reverse signaling did not trigger preferential axon growth when paired with a permissive IgG-Fc substrate (EphA7-Fc/IgG-Fc stripes) ( Figure 1I ), it significantly enhanced directional growth when coupled with an ephrin-A5-Fc substrate (EphA7-Fc/ephrin-A5-Fc stripes) ( Figures  1G-1I) . Thus, the synchronization of growth-promoting (reverse) and repulsive (forward) ephrin-A signaling enhances the selective choices of motor axons when confronting adjacent domains of EphA and ephrin-A ligands-a situation found in the limb.
Ephrin-A Reverse Signaling Is Instructive for Motor Axon Guidance In Vivo To determine the in vivo contribution of ephrin-As to specific motor axon projections, we analyzed ephrin-A2 (Efna2) and ephrin-A5 (Efna5) knockout mice. The cumulative expression of ephrin-As was markedly reduced in LMC motor neurons and hindlimb tissues of Efna2 À/À ;Efna5 À/À mutants, indicating that ephrin-A2 and ephrin-A5 are the two main ephrin-A isoforms at the time of dorsoventral guidance (Figures S1G-S1K 
;Efna5
À/À , although with reduced incidence ( Figure 1Q ). These findings demonstrate that ephrin-A2 and ephrin-A5 genetically interact and are required for LMC L axon pathfinding.
Although motor projection defects were observed in Efna2;Efna5 knockout embryos, it remained unclear whether this reflected the ligand function of ephrin-As in the ventral limb tissues and/or the receptor function of ephrin-A in motor neurons. It was impractical to perform tissue-specific knockouts using conditional alleles of Efna2;Efna5. Therefore, to achieve tissue-specific interference of ephrin-As, we devised a transgenic strategy based on Cre recombination-dependent expression of a ''masking'' chimera consisting of the extracellular domain (ECD) of EphA4 and the GPI-anchor signal sequence of ephrin-A5. Unlike the endogenous distribution of EphA4 in microdomains lacking ephrin-A, the EphA4 ECDephrin-A5 GPI chimera is targeted to ephrin-A-rich membrane domains, where it establishes futile cis-interactions with ephrin-A (Figures 2A and 2B) . As shown previously, the masking of ephrin-A has a dominant-negative effect on reverse signaling without affecting forward EphA-mediated signaling ( Figures  S2M-S2Q ) (Marquardt et al., 2005) .
Transbinding of recombinant EphA was strongly reduced in embryos that expressed EphA4 ECD -ephrin-A5 GPI in all tissues following recombination driven by EIIa::Cre, confirming the effectiveness of the masking (Figures S2A-S2F ). In these embryos, the nerves that extend into the dorsal hindlimbs were stunted and defasciculated (Figures S2G and S2H) . To determine the contribution of ephrin-A reverse signaling for motor axon guidance in vivo, EphA4 ECD -ephrin-A5 GPI expression was selectively activated in motor neurons using Olig2::Cre (Dessaud et al., 2007) (Figures S2I-S2L ). In E11.5 Motor axons expressing the masking construct were still repelled by ephrin-A in a stripe assay, suggesting that adhesive transinteractions with ephrin-As are unlikely to account for the ventral misprojections ( Figures S2M-S2Q ). Taken together, these data indicate that ephrin-A reverse signaling in motor neurons is required in vivo to control the topographic projection of LMC L axons into the limb ( Figure 2M ).
Receptor Tyrosine Kinase Ret Colocalizes and Interacts with Ephrin-As
To understand how GPI-anchored ephrin-A functions as a guidance ''receptor,'' we sought to identify coreceptor components that transmit ephrin-A's signals across the membrane. The Hb9::GFP transgene was crossed into candidate mutant lines to directly visualize motor axon phenotypes in whole-mount preparations. The analysis focused on the peroneal nerve, the main dorsal nerve of the hindlimb, because LMC L guidance phenotypes are expected to reduce the contribution of axons to the dorsal branch, leading to thinning of the peroneal nerve or absence in the most severe cases. The length and complexity of the nerve were evaluated, and embryos were assigned to three phenotypic classes ( Figures 3A-3D) . A quantitative estimate of the phenotype was obtained by measuring GFP fluorescence of the entire nerve ( Figure 3E ). As a positive control, EphA4 mutants exhibited an $35% reduction of the peroneal nerve, in agreement with the requirement of EphA4 for LMC L navigation (Eberhart et al., 2002; Helmbacher et al., 2000) . p75 and TrkB neurotrophin receptors are required for ephrin-A reverse signaling in retinal ganglion cells (Lim et al., 2008; Marler et al., 2008) and are expressed in LMC L motor axons at the time of limb innervation (Figures S3A-S3C; data not shown). Surprisingly, the peroneal nerve was unaffected in both p75 and TrkB mutants, indicating that they are dispensable for dorsoventral pathfinding ( Figures  3D and 3E ). We therefore considered the possibility of alternative coreceptors for ephrin-A reverse signaling in motor neurons.
To identify whether novel coreceptors associate with ephrin-A2/A5, we carried out immunoprecipitation assays in transfected cell lines to detect interacting transmembrane proteins within motor axons at the stage of limb innervation ( Figure 3F ; data not shown). We found that Ret, the tyrosine kinase receptor for GDNF, was recovered in ephrin-A2 and ephrin-A5 immunocomplexes ( Figure 3F ). In addition, Ret + and ephrin-A5 + puncta partially overlapped on the growth cone plasma membrane of dissociated motor neurons ( Figures 3G-3I 0 ). The heterogeneous labeling pattern suggested that the membrane distribution of ephrin-A5 and Ret is dynamic and/or regulated at the subcellular level. To further examine the relationship between these proteins, we employed a proximity ligation assay (PLA) (Sö derberg et al., 2006) in which oligonucleotides attached to antibodies that recognize two target proteins (i.e., Ret and ephrin-A) are ligated, amplified, and detected by fluorescently labeled complementary oligonucleotide probes. This method detects proteins within close proximity to each other (<30-40 nm). Fluorescent puncta corresponding to sites of Ret/ephrin-A interaction were present on the plasma membrane of dissociated motor neurons ( Figures 3J-3O ). Conversely, no PLA signal was detected between ephrin-A and surface-localized DCC receptor ( Figures 3P-3T ), which did not coimmunoprecipitate with ephrin-A2/5 ( Figure 3F ).
Ret Mediates Ephrin-A Reverse Signaling GDNF binds to GPI-anchored GFRa1 receptor (Gfra1), which forms a coreceptor complex with Ret (Airaksinen and Saarma, 2002) . Ret and GFRa1 are expressed by limb-innervating motor neurons, and GDNF is expressed at the dorsoventral choice point within the hindlimb (Kramer et al., 2006) (Figures S3D-S3I ; see Figures 5B-5D). Previous studies have noted that the peroneal nerve is perturbed in Gdnf, Gfra1, and Ret mutant embryos (Gould et al., 2008; Kramer et al., 2006) and that gradients of GDNF attract motor axons (Dudanova et al., 2010) .
The colocalization of Ret and ephrin-A proteins and guidance phenotypes of Ret mutants are consistent with the possibility that Ret is also a coreceptor for ephrin-A reverse signaling. We first examined whether activation of ephrin-A reverse signaling altered the phosphorylation state of Ret. We carried out biochemical assays using primary sympathetic neurons derived from the rat superior cervical ganglion (SCG), as they express functional Ret, GFRa1, and ephrin-As (Damon et al., 2010; Pierchala et al., 2006) . Stimulation of ephrin-A reverse signaling with EphA7-Fc increased the levels of phosphorylated (i.e., active) Ret (Figures S3BB and S3CC) .
In agreement with previous reports, the peroneal nerve was reduced or absent in most Ret mutant embryos, and the severity of the phenotype was increased in Ret;EphA4 double mutants second sets of stripes. Mean ± standard error of the mean (SEM), n explants: IgG-Fc/IgG-Fc, 12; IgG-Fc/ephrin-A5-Fc, 11; EphA7-Fc/ephrin-A5-Fc, 12; EphA7-Fc/IgG-Fc, 10; ***p < 0.001; (ns) p = 0.52, unpaired t test. Figures 3D and 3E ). In contrast, GDNF-dependent innervation of the cutaneous maximus and latissimus dorsi back muscles by brachial motor neurons (Haase et al., 2002) was equally affected in Gfra1 and Ret mutants ( Figures S3P-S3R ). Although GFRa1 is the preferred receptor for GDNF, GFRa2 and GFRa3 can also bind GDNF with lower affinity (Airaksinen and Saarma, 2002) . Nevertheless, we found little or no expression of other GFRa isoforms in LMC motor neurons at E11.5-E12.5 (data not shown).
The mismatch in the incidence of peroneal phenotypes in Gfra1 mutants compared to Ret mutants suggested that Ret might have in vivo functions in motor axon pathfinding that extend beyond its role as a GFRa1 coreceptor for GDNF chemoattraction.
Next, we established an in vitro assay to monitor the motor axon growth-promoting activity of ephrin-A reverse signaling. When cultured on a control IgG-Fc substrate, lumbar LMC explants from Hb9::GFP transgenic mice displayed negligible axon growth. In contrast, outgrowth was robust on a substrate of clustered EphA7-Fc, which binds ephrin-A and activates reverse signaling ( Figures 4A and 4B) . Staining for the general marker of neuronal processes, b3-tubulin, showed that GFP + motor neurons had enhanced responsiveness to EphA7-Fc relative to other neuronal populations contained in the explants ( Figures S4A-S4H ). This assay was applied to explants derived from mouse mutants for candidate components of ephrin-A reverse signaling. Whereas p75 À/À and TrkB À/À motor axons had normal outgrowth on EphA7-Fc ( Figures 4L, 4M , 4O, 4P, and 4S), this response was significantly reduced in Ret À/À explants ( Figures 4E, 4F , and 4S). In contrast, EphA7-Fcinduced outgrowth was not affected by mutation of Gfra1, the obligatory partner of Ret for GDNF signaling ( Figures 4I, 4J , and 4S), or addition of a blocking antibody against GDNF, thereby excluding the possibility that defective paracrine/ autocrine GDNF signaling was responsible for the impaired response of Ret À/À axons ( Figure 4S ). Because Ret À/À explants displayed normal outgrowth on a permissive substrate ( Figures  4D and 4H) , we conclude that Ret is required to mediate the growth-promoting effect of ephrin-A reverse signaling in motor axons but is not necessary for axonal growth per se ( Figure 4R ).
Ephrin-A Reverse Signaling Is Potentiated by GDNF
As the localized source of GDNF at the base of the limb is also necessary for LMC L guidance (Kramer et al., 2006) , we tested whether GDNF modulates ephrin-A signaling in motor neurons. Outgrowth of motor axons on EphA7-Fc was strongly enhanced by costimulation with low doses of GDNF that do not induce outgrowth on control IgG-Fc ( Figures 4C and 4S ). This effect was specific for GDNF because other growth factors (BDNF, HGF, CNTF), whose receptors are expressed by motor neurons (Ebens et al., 1996; Ip et al., 1993; Klein et al., 1989) , did not synergize with EphA7-Fc ( Figure 4S ). The potentiation of ephrin-A reverse signaling by GDNF was also observed with p75 À/À and TrkB À/À explants but was absent from Ret À/À and Gfra1
explants ( Figures 4G, 4K, 4N , 4Q, and 4S). These findings suggest that the synergistic effect of GDNF on ephrin-A reverse signaling is mediated by the conventional Ret/GFRa1 receptor complex rather than an alternative GDNF receptor (Paratcha et al., 2003) .
To explore the mechanistic basis for the enhanced ephrin-A reverse signaling caused by GDNF, we examined the localization of Ret into detergent-resistant membrane compartments (lipid rafts) enriched for GPI-anchored ephrin-A and GFRa1 proteins. We found that GDNF shifted the distribution of Ret into rafts ( Figures 4T-4X ) (Paratcha et al., 2001; Tansey et al., 2000) , resulting in co-compartmentalization of Ret and ephrin-A ( Figures 4W and S3T-S3Y 0 ). However, activation of ephrin-A reverse signaling by EphA7-Fc failed to induce a redistribution of Ret ( Figures 4T, 4Y , 4Z and S3Z-S3AA 0 ). Thus, GDNF might facilitate ephrin-A reverse signaling indirectly, by favoring the colocalization of Ret and ephrin-A. These findings are supported by the observation that phosphorylation of Ret and its downstream signaling components ERK1/2 and Akt is enhanced by EphA7-Fc + GDNF costimulation ( Figures S3BB-S3GG) .
In Ret mutants, EphA4 + LMC L axons grow into the ventral limb where repulsive ephrin-A ligands are present ( Figures S3J-S3O ) (Kramer et al., 2006) . This inconsistency suggests that either ephrin-A repulsion is insufficient to prevent LMC L axons from growing ventrally, or repulsion mediated by EphA forward signaling is diminished in Ret mutants. The repulsive response of motor axons to ephrin-A ligands was normal in Ret À/À explants and was not influenced by GDNF (Figures S4I-S4P ). Thus, GDNF:Ret potentiates reverse ephrin-A signaling but does affect EphA-mediated forward signaling. It appears that repulsion via EphA forward signaling alone is insufficient to prevent LMC L axons from entering the ventral limb. 
GFRa1 Levels Influence Pathfinding
We carried out immunoprecipitation assays in cells transfected to express constant amounts of Ret and ephrin-A5 with increasing levels of GFRa1 ( Figure 5A ). Immunoprecipitation of Ret pulled down both ephrin-A and GFRa1. However, the amount of ephrin-A5 associated with Ret declined when the levels of GFRa1 in Ret immunocomplexes increased. These experiments do not distinguish whether Ret/GFRa1 and Ret/ ephrin-A complexes are formed separately or whether ternary complexes assemble. Nevertheless, they reveal a competitive relationship between GFRa1 and ephrin-As for Ret binding, suggesting that the levels of these proteins influence the composition of Ret-coreceptor complexes.
Immunodetection and in situ analysis revealed differential levels of GFRa1 in LMC motor neurons. LMC L neurons, which use ephrin-A reverse signaling for navigation, expressed significantly lower levels of GFRa1 compared to the LMC M neurons ( Figures 5B-5D $0.9) (Figures 5F-5I ). Strikingly, manipulation of GFRa1 levels led to significant thinning of the peroneal nerve, indicating a reduced contribution of LMC L axons to the dorsal branch ( Figures 5J, 5K , 3D, and 3E). In addition, dye injection in the ventral shank revealed that LMC L axons had misprojected into the ventral hindlimb of Hb9::Gfra1 embryos ( Figures 5L-5R ).
Other motor neuron pathways including the ventral branch of the hindlimb and the dorsal ramus directed to axial musculature were unaffected in Hb9::Gfra1 embryos at E10.5-E13.5 (data not shown). Importantly, innervation of the cutaneous maximus and latissimus dorsi muscles by brachial motor neurons that depend on GDNF (Haase et al., 2002) was normal in Hb9::Gfra1 embryos ( Figure S3S ). These findings indicate that increased expression of GFRa1 in motor neurons did not cause a general perturbation of GDNF signaling or interfere with axonogenesis. To further examine the state of GDNF responsiveness in Hb9::Gfra1 motor axons, we tested the response of lumbar motor explants to a point source of GDNF ( Figure S6A ). Wild-type explants exhibited robust directional motor axon outgrowth toward GDNF-soaked beads. As expected, Ret À/À explants failed to respond to GDNF, whereas Hb9::Gfra1 motor axons behaved like wild-type controls ( Figures S6B-S6G ). These findings provide additional evidence that the increased level of GFRa1 in this transgenic line does not generally impair the responsiveness and sensitivity of motor neurons to GDNF. GFRa1 null mutants and overexpression of GFRa1 both caused qualitatively similar LMC L guidance errors ( Figures 3D and 3E ), leading us to conclude that an optimal range of GFRa1 expression needs to be maintained on LMC L axons to ensure accurate pathfinding.
Coincidence Detection of EphA and GDNF Is Gated by GFRa1 Levels
To determine whether the cooperative interactions between EphA and GDNF were an acute response to these factors, we used a Dunn chamber growth cone turning assay (Bai et al., 2011; Yam et al., 2009) . In these cultures, a stable diffusion gradient of factors was established, and the axonal trajectory of dissociated Hb9::GFP + LMC neurons was monitored for 90 min (Figures 6A-6F ). To assay the interaction between ephrin-A and GDNF signaling, we created concentration gradients of EphA7-Fc alone and GDNF alone that were subthreshold for attracting axons, but the combination of EphA7-Fc + GDNF triggered a positive turning response ( Figures 6G-6K ). Despite these differences, general axonal growth during the culture was equivalent in all conditions tested (data not shown). Because both GFRa1 and ephrin-A use Ret for signaling and compete for interaction with Ret (see above), we asked whether GFRa1 levels influence the synergistic effect of EphA7-Fc + GDNF. We found that LMC neurons from Hb9::Gfra1 transgenics failed to respond to the gradient of EphA7-Fc + GDNF that attracts wild-type motor neurons ( Figures 6G and 6L ).
DISCUSSION
The assembly of neuronal circuits depends on the ability of growing axons to resolve and integrate information from multiple sources to navigate through complex cellular environments. We found that LMC L motor neurons are attracted synergistically when costimulated by cell-surface-bound EphA and secreted GDNF. The intersection of these ligands defines the axon choice point at the base of the limb where Ret functions as a coincidence detector to stimulate axon growth (Figure 7 ). This intersectionaldetector strategy entails two levels of hierarchical receptor interactions: (1) between ligand-binding GPI-anchored ephrin-A and GFRa1 that compete for binding to coreceptor Ret and (2) between ephrin-A coreceptors Ret, p75, and TrkB that link to different intracellular signaling pathways. We propose that these hierarchies direct the context-dependent and task-specific assembly of alternative GPI receptor/coreceptor complexes to diversify cellular signaling. Our findings suggest that signal integration through coincidence detection may emerge as a pervasive strategy to ensure temporal correlation between interconnected pathways and as a means to build combinatorial guidance codes for expanding the range and fidelity of axonal responses that are generated with a limited stimulus set.
Ephrin-A Reverse Signaling Instructs Motor Axon Guidance
Ephrin-A in the ventral limb provides a repulsive signal that directs EphA4 + LMC L axons dorsally (Eberhart et al., 2002; Helmbacher et al., 2000; Kania and Jessell, 2003) . Because the same axons also express ephrin-A, it has been proposed that ephrin-A reverse signaling could become activated by the EphA present in the dorsal limb (Iwamasa et al., 1999; Marquardt et al., 2005) . Consistent with this possibility, we show that silencing of ephrin-A receptor function in motor neurons with an EphA4 ECD -ephrin-A5 GPI chimeric protein disturbs LMC L axon guidance. Our in vivo studies support a model in which the coexpressed ephrin-A and EphA receptors trigger a ''push-and-pull'' response in LMC L axons: EphA forward signaling mediates axon repulsion from ephrin-As in the ventral limb, and ephrin-A reverse signaling mediates axon attraction toward EphAs in the dorsal limb. The push-pull effect appears to be necessary in vivo because, as we show, EphA-mediated repulsion is insufficient to divert LMC L axons from the ventral limb when ephrin-A reverse signaling is masked. Likewise, ephrin-A attraction is insufficient to draw LMC L axons into the dorsal limb when EphAs are masked (Kao and Kania, 2011) .
Ret Mediates Ephrin-A Reverse Signaling in Motor Neurons
Ephrin-A reverse signaling leads to opposite responses in different neuronal subtypes: motor and vomeronasal neurons are attracted to EphA ligands, whereas retinal ganglion cells are repelled (Knö ll et al., 2001; Marquardt et al., 2005; Rashid et al., 2005) . It is unclear whether the diverse systems that use ephrin-A recruit different coreceptors, or whether the same coreceptor links to different signal transduction machinery. Notably, p75 and TrkB have been identified as ephrin-A coreceptors for repulsive signaling in retinal neurons (Lim et al., 2008; Marler et al., 2008) , whereas we found that they are not required for attractive ephrin-A reverse signaling in motor axons. In contrast, motor neurons use Ret to mediate attractive ephrin-A signaling. Our findings support the hypothesis that the functional diversity of ephrin-A signaling is expanded by the recruitment of alternative coreceptors (Figure 7 ). This raises the possibility that the composition of GPI receptor/coreceptor complexes represents a combinatorial system that might be adapted to produce distinct biological outputs. In cells that express multiple coreceptors (e.g., Ret, p75, TrkB), such as motor neurons, there appear to be hierarchical relationships that dictate which coreceptors will be engaged. When Ret is available for binding to ephrin-As, it appears to be dominant over p75 and TrkB. Although this dominance might be controlled at many levels, we propose that the competition between GFRa1 and ephrin-A for Ret binding influences the composition of receptor/coreceptor complexes. GFRa1 is required for integration and amplification of GDNF and EphA attraction, but excessive levels of GFRa1 sequester Ret and free ephrin-A to bind other coreceptors, such as p75 and TrkB. This model is consistent with the observation that retinal ganglion cells display low Ret and high GFRa1 levels, a condition that should favor the assembly of ephrin-A/p75 receptor complexes for axon repulsion (Kretz et al., 2006) . Paradoxically, LMC M motor neurons express high levels of ephrin-As, raising the question of why these neurons are not attracted into the dorsal limb like LMC L neurons (Dudanova and Klein, 2011; Kao and Kania, 2011) . However, by analogy to retinal neurons, LMC M cells express high levels of GFRa1, which might displace ephrin-A from Ret and favor the formation of ephrin-A/p75 receptor complexes that signal axon repulsion from the EphA + dorsal limb (Figure 7 ).
Coincidence Detection of GDNF and EphA Signals in Motor Axons
In a variety of biological processes, integration and signal-tonoise resolution are achieved through the organization of converging signaling networks into ''coincidence detector'' systems (Bourne and Nicoll, 1993) . Coincidence detection represents a means for diversifying, sensitizing, and temporally linking signals and transforming them into a novel output. We show that motor neurons contain a coincidence detector for GDNF and EphA ligands and that these signals are integrated by Ret to generate supralinear responses for axon growth and turning. We propose that one of the mechanisms that accounts for synergistic interactions between GDNF and EphA signals is via GFRa1-mediated recruitment of Ret into membrane compartments where ephrin-As are also located (Figure 7) .
Our findings suggest that the coincidence detection of intersecting domains of GDNF and EphA ligands is based on receptor systems with overlapping components. These receptor complexes obey hierarchical rules to determine which transmembrane coreceptor is recruited for GPI-receptor signaling and influence how different GPI receptors coordinate their use of shared coreceptors. The use of Ret for ephrin-A reverse signaling provides a unique advantage for tuning guidance responses to two signals because its membrane localization is controlled separately from its reverse signaling with ephrin-As. Likewise, ligand detectors without signaling activity (i.e., ephrin-As, GFRas) in combination with coreceptors (i.e., Ret, p75, TrkB) expand the possibility of forming unique types of guidance receptor complexes to provide greater flexibility in wiring the nervous system with a limited repertoire of factors.
EXPERIMENTAL PROCEDURES
Additional details on the procedures are available in the Extended Experimental Procedures. (Feldheim et al., 2000) (Jax stock #005992); p75 À/À (Lee et al., 1992) ; TrkB À/À (Klein et al., 1993) (Jax stock #002544); EphA4 À/À (Dottori et al., 1998) ; Gfra1 À/À (Cacalano et al., 1998) ; Ret À/À (Schuchardt et al., 1994) . Microinjection of linearized plasmids into pronuclei for generating EphA4 ECD -ephrin-A5 GPI and Hb9::Gfra1 transgenic mice was performed at the Salk Transgenic Core Facility. All mouse lines were maintained by crossing to CB6F1 mice.
Mouse Lines
Neurite Outgrowth Assays
Explants were dissected through fluorescence-guided live microdissection from the caudal portion of the LMC of E12.5 Hb9::eGFP embryos and cultured in motor neuron (MN) media as previously described (Gallarda et al., 2008) . For neurite outgrowth assay, explants were cultured for $20 hr on coverslips coated with PDL/laminin low (5 mg/ml) supplemented with 25-30 mg/ml clustered EphA7-Fc (R&D Systems) or control IgG-Fc. Coating was performed at 37 C for 3-5 hr. When indicated, MN media were supplemented with GDNF (0.5-1 ng/ml), BDNF (5 ng/ml), HGF (5 ng/ml), CNFT (1.5 ng/ml), or neutralizing anti-GDNF antibody (#AF-212-NA) (0.5 mg/ml) (all reagents were from R&D Systems). At the concentration used, the anti-GDNF antibody was found to largely inhibit the axon growth-promoting effects of GDNF on EphA7-Fc substrate (data not shown).
Stripe Assays
Stripes of recombinant molecules were printed as described in Hornberger et al. (1999) and coated with laminin (5 mg/ml-Figures 1 and S1-or 10 mg/ ml- Figures S2 and S4 ). For Figures 1 and S1 , EphA7-Fc (10 mg/ml) and IgG-Fc (3 mg/ml or 10 mg/ml) were clustered with 1:3 (mass concentration ratio) Cy3-conjugated anti-human IgG-Fc antibody, whereas ephrin-A5-Fc (3 mg/ml) was clustered with nonconjugated antibody. For Figures S2 and S4 , ephrin-A5
(10 mg/ml) and IgG-Fc (10 mg/ml) were clustered with Cy3-conjugated and nonconjugated anti-human IgG-Fc, respectively. LMCs dissected from E12.5 embryos were cultured on stripes for 15-20 hr in MN media supplemented with 1 ng/ml GDNF. The coactivation of GFRa1 and ephrin-A leads to a synergistic stimulation of axon attraction that occurs when cognate ligands (GDNF, EphAs) are simultaneously encountered at the base of the dorsal limb. Together GFRa1 and ephrin-As form a coincidence detector that relies on sharing Ret for signal integration (blue double arrow). (D) High levels of GFRa1 compete with ephrin-As for binding to Ret, disrupting the coincidence detector. GFRa1/Ret function is preserved. (E) Ephrin-A interactions with p75 produce reverse signaling for axon repulsion. This condition exists in retinal cells (Lim et al., 2008; Marler et al., 2008) and may occur in LMC M motor neurons where ephrin-A could be displaced from Ret by high levels of GFRa1.
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